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Understanding light scattering on meteorite surfaces is difficult. Multiple factors affect the re-
flectance spectra of meteorites, such as space weathering, terrestrial weathering, and shocks. The
main focus of this thesis was to investigate how shock induced iron changes meteorite spectra.
The reflectance spectra of 30 meteorite pieces were measured with the University of Helsinki spec-
trometer in the wavelength range of 300 to 2500 nm. A principal component analysis (PCA) was
performed on the spectra and the results were compared with previous studies carried out by Pen-
tikäinen et al. (JQSRT, 146, 2014) and Gaffey (NASA PDS, 2001). The analyses show that HED
meteorites can be separated from chondrites. However, more HED measurements are needed to
verify the validity of the results.
The effects of shock induced iron on meteorite spectra were modeled with the SIRIS3 (Muinonen
et al., 2009) light-scattering program. Three different spectra of the Chelyabinsk meteorite were
modeled, each of them having experienced a different degree of shock, and thus representing a
different lithology: light-colored lithology was modeled as 10% air particles in olivine, dark-colored
lithology as 10% iron particles in olivine, and impact-melt lithology as 5% air particles and 5%
iron particles in olivine. The modeled spectra were then compared with the spectral measurements
of the three lithologies of the Chelyabinsk meteorite. The compability of the measured and the
modeled spectra was fair. In general, a higher iron occurrence makes the spectra darker and more
flat. The differences between the modeled and the measured spectral shapes of the impact-melt
and light-colored lithologies are caused by the absence of pyroxene in the simulations, whereas the
modeled and the measured spectral shapes of the dark-colored lithology are different because the
occurrence of iron in the measured spectrum is probably higher.
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1. Introduction
1.1 The journey to the Earth
Every year approximately 37000-78000 tons of extraterrestrial material bombard the
Earth’s atmosphere (Bland et al., 1996). This material mostly consists of small dust
particles that burn in the upper atmosphere. Nevertheless, some of the solid pieces
reach the ground. These are called meteorites, our free samples of the Solar System.
Upon entering the Earth’s atmosphere, the surface of the meteorite melts form-
ing a fusion crust. The sizes of the meteorites vary: some of them are small dust
particles and the largest ones form craters when they impact the ground. (Pieters
and McFadden, 1994) The question is: where do the meteorites come from and why
do we study them?
Meteorites originate from asteroids (excluding lunar meteorites, martian me-
teorites, and meteorites originating from comets), which are rocky and icy airless
bodies, too small to be called planets. Their diameters range from a few meters to
hundreds of kilometers and their structure is often loose meaning that they never
reached high enough densities to differentiate and form the crust, mantle and core.
A notable exception to this is (4) Vesta which is currently the only known differen-
tiated asteroid. Most of the asteroids are located in the asteroid belt between the
orbits of Mars and Jupiter. Only a small part of them cross the orbits of Earth and
Mars. A meteorite starts its journey to the Earth after an impact: another object
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impacts the surface of the parent asteroid fragmenting it and removing pieces from
its surface, and in some cases even from its core or mantle. The impact causes
shock pressure on the released piece which can change its structure and composition
thus affecting other properties, such as spectral features. This thesis will focus on
shock-induced changes in meteorite spectra.
The meteoroid’s journey to the Earth is long and during it the space weather-
ing process alters its surface. At some point the meteorite will most likely enter an
orbit that is in resonance with Mars or Jupiter making the orbit unstable. The me-
teorite is pushed towards the Earth’s orbit and eventually it enters the atmosphere,
finally hitting the ground where its surface is further altered by oxidation caused by
terrestrial weathering.
Why is the study of the meteorites and thus the study of the asteroids so impor-
tant? Asteroids have remained almost the same for 4.5 billion years. There are three
ways to study them: sample-return, rendezvous, or flyby space missions, ground-
based observations at different wavelenghts, and the meteorite study. Sample-return,
rendezvous, and flyby space missions are expensive and quite rare, and ground-based
observations have a low resolution because asteroids are small and distant objects.
Meteorites are almost undisturbed samples of their parent bodies, so studying them
provides us information on their parent asteroid’s composition and structure and
expands our knowledge of the evolution of the small bodies in the early Solar Sys-
tem.
1.2 Meteorite classification
Meteorite classification is mostly based on mineralogical and petrographic character-
istics. The current classification scheme divides meteorites into chondrites, primitive
chondrites and achondrites. (Weisberg et al., 2006)
Chondrites are the most common meteorite type that falls to the Earth. They
1.2 Meteorite classification 3
are rocky meteorites that have not melted or differentiated, and they often contain
small components, such as chondrules, Ca-Al-rich inclusions (CAIs) and amoeboid
olivine aggregates (AOAs), which have been born independently in the protoplan-
etary disk by high-temperature evaporation and condensation processes (Weisberg
at al., 2006). In other words, chondrites have preserved physical and chemical prop-
erties of the protoplanetary disk. Chondrites can be further divided into ordinary
chondrites (that can be divided into H, L, and LL chondrites), carbonaceous chon-
drites and enstatite chondrites.
Achondrites do not contain chondrules, CAIs, or AOAs. They are meteorites
that have been at least partially melted and their parent bodies have been differ-
entiated. Primitive chondrites cannot be classified into chondrites or achondrites:
there is some melting in them but they resemble chondrites chemically (Weisberg et
al., 2006).
Based on petrographic characteristics and the degree of shock pressure and
terrestrial weathering the meteorites have experienced, they can be further classi-
fied. The petrologic grade describes how the minerals are mixed and distributed
and how much thermal metamorphism the meteorite has experienced (apart from
achondrites, which do not have a petrologic grading system, because they have un-
dergone some melting). As soon as the meteorite reaches the atmosphere of the
Earth, the Earth’s environment begins to alter its surface. Terrestrial weathering,
which includes both chemical weathering and physical weathering, affects the mete-
orite’s chemistry, mineralogy, structure and composition (Bland et al., 2006). The
longer the meteorite is exposed to the weathering effects on the ground the more it
is altered. That is why "falls", meteorites that are collected after their fall from the
space was observed, are more valuable samples than all the other "finds" because
they have not had time to be substantially altered by terrestrial weathering. It
has also been noticed that finds collected from Antarctica are less weathered than
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other finds. This suggests that the environment plays a big role on how much the
meteorite is weathered.
The grade of the shock describes how much shock the meteorite has experi-
enced. Lightly shocked meteorites contain dark melt veins: the impact that releases
the meteorite from its parent body produces shock waves fragmenting the mete-
orite and creating veins and pockets filled with shock-melted material such as iron
metal and sulfides (Kohout et al., 2014). Strongly shocked meteorites show melting
and deformation, which occurs as fracturing, twinning, and mosaicism within the
minerals (Sharp and DeCarli, 2006).
1.3 Spectroscopy
Asteroid spectroscopy began in the late 1960s when sensitive photoelectric detectors
were used to obtain high precision measurements of the Solar System bodies in the
wavelength range of 0.32 - 1.1 µm. The pioneer of this field, Tom McCord, did
the first spectroscopic observations of the Moon in 1968, and after that successfully
observed asteroid (4) Vesta. At that time crystal field theory, which explains physical
principles for absorptions caused by transition metal ions in mineral structures, was
further developed. In the early 1970s, Clark R. Chapman led an asteroid survey
that resulted in many papers describing asteroid spectra in the 0.3-1.1 µm area.
Chapman and Salisbury (1973) compared data on asteroid and meteorite properties
proving this field of study to be worth investigating. In the mid-1970s, Michael J.
Gaffey performed a detailed laboratory study of the meteorite spectral properties
in the wavelength range of 0.35-2.5 µm resulting in a paper (Gaffey, 1976) that
overviewed the spectral properties of meteorites in that specific wavelength range.
(Pieters and McFadden, 1994)
A spectrum of an object describes how much electromagnetic radiation is scat-
tered or absorbed by the object at different wavelengths. Spectra have different
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shapes: there are slopes and peaks, broad troughs and narrow troughs, each feature
telling a story of the mineralogy and petrology of the object. In the asteroid and
meteorite spectral studies, visible and near-infrared reflectance spectra are used to
determine the mineralogy and petrology of the object (Gaffey, 1976). Slopes tell us
how much light the object reflects depending on the wavelength: red slope means
that more light is reflected at longer wavelengths, respectively blue slope indicates
that less light is reflected at longer wavelengths. The slopes are used in classifi-
cation, because they tell about the composition of the object. The troughs in the
spectra are called absorption bands, and they are formed when transition-metal
silicates (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu) absorb light (Gaffey and McCord,
1978). Meteorites and asteroids consist of different minerals, olivine and pyroxene
being the most abundant ones. These minerals have their own dominant spectral
features in the visible and near-infrared regions. Olivine has a broad asymmetric
absorption feature centered at 1.0 µm, while pyroxene has two narrow symmetric ab-
sorption features centered at 0.9 and 2.0 µm. Combinations of the minerals change
the strength of the absorption bands and move the locations of their minima. Also
carbon and meteoritic metal change the spectral features. Carbon, which is also
common in meteorites, darkens the spectra, whereas meteoritic metal increases the
slope of the spectra toward longer wavelengths. (Gaffey et al., 2002)
Comparing the reflectance spectra of meteorites and asteroids can help us find
the parent bodies of meteorites. This is difficult. Asteroid spectra are poorer in
quality than spectra measured in laboratories, because there is more noise caused
by the instruments and the atmosphere when observing at a telescope. Moreover,
asteroids are distant objects, so the availability of their spectra depends on the
sensitivity of the detectors. The reflectance spectra of different meteorite types are
shown in Figure 1.2 and the reflectance spectra of different asteroid types are shown
in Figure 1.3 .
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Figure 1.1: Reflectance spectra of the common minerals in meteorites (Paton et al., 2011).
An important question is: how well do the meteorites represent the asteroids?
Although there are spectral similarities between the meteorite and the asteroid spec-
tra, the strength and shape of absorption features, overall albedo, near-infrared con-
tinuum, and the nature of the spectrum below 0.5 µm differ (Pieters and McFadden,
1994). There can be many reasons for these differences. Meteorites are small in size,
and may not represent their parent bodies that are a lot larger. Our meteorite col-
lection is quite small, so there are many asteroids that have not contributed to it.
Furthermore, meteorites may not represent the surface materials of the asteroids.
Asteroid surfaces are exposed to space environment which alters them. Collisions
between the small bodies cause shocks affecting their composition and thus their
spectral properties. Usually, the surfaces of the asteroids contain regolith, which is
a layer of loose material covering a solid rock. Regolith affects the scattering of light
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Figure 1.2: Reflectance spectra of different meteorite types (Gaffey and McCord, 1977).
making it difficult to deduce the characteristics of the grains. Cosmic rays, solar
wind particles, and different sized bodies bombard the asteroid forming nanophase
iron on its surface grains. This is called space weathering and it changes the spectral
features resulting in a red-sloped continuum, lowered albedo, and flattened absorp-
tion features.
Finding the link between the meteorite and asteroid spectra becomes easier as
our knowledge of the surface alterations caused by the space weathering processes
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Figure 1.3: Reflectance spectra of different asteroid types, scaled to unity at 0.56 µm (Pieters
and McFadden, 1994).
and the shocks improves, and more sensitive detectors are being developed to obtain
asteroid spectra of a better quality. Future sample return missions will also provide
more asteroid samples to study.
1.4 Thesis overview
The purpose of this study is to better understand how iron particles inside the
meteorites affect their spectra. First, the reflectance spectra of 30 meteorite samples
were measured with the University of Helsinki spectrometer. Principal Component
Analysis (PCA) was performed on the measured spectra in order to see whether
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the spectra of different meteorite types could be separated from each other. PCA is
presented in section 3.2.
In the second part of the study, the reflectance spectra of three Chelyabinsk
meteorite pieces were measured, each piece having experienced a different degree of
shock and thus having different lithologies (light, impact-melt, and dark). A light-
scattering program that calculates scattering matrices and single scattering albedos
was utilized to model the iron induced differences between the spectra of the three
lithologies. In the model, olivine represented a medium which contained a certain
amount of air and iron particles. The scattering matrices and albedos of air and iron
particles were first computed and averaged. The averaged scattering matrices and
albedos were then utilized in the light scattering code so that these scatterers acted
as diffuse scatterers inside olivine, which represented the meteorite piece. Modeled
spectra were then fitted to the actual measured reflectance spectra. Descriptions of
the model can be found in chapter 2 and section 3.1.
2. Theoretical methods
2.1 Light scattering
Computing light scattering by particles with irregular shapes and inhomogeneous
internal compositions is difficult. In this thesis the light scattering by irregular parti-
cles large compared to the wavelength with internal medium of diffuse scatterers was
computed with the method developed by Muinonen et al. (2009) which combines
ray optics and radiative-transfer treatments. This independent approach introduces
two types of scattering media: an internal medium with diffuse scatterers that rep-
resent inclusions inside the particle, uniformly distributed inside the particle, and
an external medium with diffuse scatterers covering the surface of the particle repre-
senting surface roughness. All polarization effects in the interactions with the diffuse
scatterers and the particle boundary are taken into account. This method is called
ray optics with diffuse and specular interactions (RODS). (Muinonen et al., 2009)
2.1.1 Ray optics
The size of the particle can be described as x = ka, where k is the wave number
and a is the mean radius of the particle. In geometric optics, a Stokes parameter
vector is related to every ray. At a boundary surface, refraction and reflection take
place according to Snel’s law and Fresnel’s reflection and refraction matrices. The
forward diffraction is addressed so that, for each sample shape, a two-dimensional
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silhouette is numerically computed, and diffraction is ensemble averaged by using
the Kirchhoff approximation. (Muinonen et al., 2009)
The scattering phase matrix P relates the Stokes vectors of the incident light
Iinc and scattered light Isca (Muinonen et al., 2009):
Isca =
σsca
4piR2PIinc,
∫
4pi
dΩ
4pi P11 = 1, (2.1)
where P11 is the scattering phase function, R is the distance from the particle to the
observer, and σsca is the scattering cross section for unpolarized incident light.
In case of particles large compared to the wavelength, the scattering phase
matrix P and the scattering cross section σsca can be divided into ray-tracing (su-
perscript RT ) and forward-diffraction parts (superscript D) (Muinonen et al., 2009):
σsca = σDsca + σRTsca ,
P = 1
σsca
(σDscaPD + σRTscaPRT ),
∫
4pi
dΩ
4pi P
D
11 =
∫
4pi
dΩ
4pi P
RT
11 = 1. (2.2)
In the ray optics approximation, it is required that (Muinonen et al., 2009):
σDsca = 〈A〉 ,
σext = σabs + σsca = 2 〈A〉 , (2.3)
where σext and σabs are extinction and absorption cross sections, and 〈A〉 is the
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ensemble-averaged cross-sectional area. The single-particle albedo ω˜ and the asym-
metry parameter g are
ω˜ = σ
RT
sca
〈A〉 ,
g =
∫
4pi
dΩ
4pi cos θP11, (2.4)
where θ is the scattering angle.
The forward-diffraction phase matrix is (Muinonen et al., 1996)
PD ∝ k
2
4pi 〈A〉
〈
|u(θ, φ)|2
〉
(1 + cos θ)21,
u(θ, φ) =
∫ 2pi
4pi
dφ′
∫ r(φ′)
0
dr′r′ exp[−ikr′ sin θ cos(φ− φ′)], (2.5)
where the ensemble average removes any dependence on φ, 1 is the 4 × 4 unit
matrix, i is the imaginary unit, and r(φ′) describes the particle silhouette. Finally,
the scattering phase matrix PD is normalized according to Eq. 2.1.
For external incidence, Snel’s law is applied in the form (Muinonen et al., 2009)
sin θi = Re(m) sin θτ , (2.6)
where θτ and θi are the angles of refraction and incidence, and m is the scatterer’s
complex refractive index, relative to the surrounding nonabsorbing medium. Mueller
matrices of the reflected and refracted rays (subscripts R and T ) are obtained from
MR = R ·K ·Minc,
MT = T ·K ·Minc, (2.7)
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where R and T are the Fresnel reflection and transmission matrices, and K is the
rotation to the plane of incidence (Muinonen et al., 1996):
R = 12

r‖r∗‖ + r⊥r∗⊥ r‖r∗‖ + r⊥r∗⊥ 0 0
r‖r∗‖ + r⊥r∗⊥ r‖r∗‖ + r⊥r∗⊥ 0 0
0 0 2Re(r‖r∗⊥) 2Im(r‖r∗⊥)
0 0 −2Im(r‖r∗⊥) 2Re(r‖r∗⊥)

,
T = 12

t‖t∗‖ + t⊥t∗⊥ t‖t∗‖ − t⊥t∗⊥ 0 0
t‖t∗‖ − t⊥t∗⊥ t‖t∗‖ + t⊥t∗⊥ 0 0
0 0 2Re(t‖t∗⊥) 2Im(t‖t∗⊥)
0 0 −2Im(t‖t∗⊥) 2Re(t‖t∗⊥)

,
K =

1 0 0 0
0 cos 2ψ sin 2ψ 0
0 − sin 2ψ cos 2ψ 0
0 0 0 1

, (2.8)
where ψ is the rotation angle, and r‖, r⊥, t‖ and t⊥ are Fresnel’s coefficients:
r‖ =
m cos θi − cos θt
m cos θi + cos θt
, r⊥ =
cos θi −m cos θt
cos θi +m cos θt
,
t‖ =
2 cos θi
m cos θi + cos θt
, t⊥ =
2 cos θi
cos θi +m cos θt
, (2.9)
The internal incidence is treated the same way as the external incidence, except
that the rays can be completely reflected or attenuated. In RODS, the rays are traced
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until a certain amount of reflections and/or refractions and/or diffuse scattering
processes are completed (Muinonen et al., 2009).
The RODS method, which uses the scattering phase matrixP0, single-scattering
albedo ω˜0, and extinction mean free-path length l0 to account for internal inhomo-
geneities, was utilized to model the reflectance spectra of a meteorite piece. In this
method, the diffuse scatterers are distributed inside an isotropic and homogenous
medium that has a complex refractive index m. The extinction mean free-path
length l0, which describes the average distance traveled by the ray, can be obtained
from (Muinonen et al., 2009)
lo =
1
k0
, (2.10)
where k0 is and extinction coefficient and can be written as
k0 = ν0Qextpia20 =
3ν0q0
4a0
, (2.11)
where Qext is the extinction efficiency, a0 is the mean radius of the particle, n0 is
the number density, and ν0 is the volume density.
In this thesis, the meteorite spectral models were carried out using the SIRIS3
light scattering code which was written by Karri Muinonen and Timo Nousiainen
based on the method introduced above. SIRIS3 is able to simulate ray optics, which
contains diffraction and geometric optics. The latter accounts for diffuse scattering.
Geometric optics was utilized in the modeling part of this thesis (see subsection
2.1.1). There are three approaches to account for the diffuse scatterers:
1) There are no diffuse scatterers.
2) The diffuse scatterers are uniformly distributed inside the particle constituting
an internal medium.
3) The diffuse scatterers form a thin layer on the surface of the particle constituting
an external medium.
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In this thesis, the first and the second approaches were used.
The light scattering program first computes phase matrices and single scatter-
ing albedos for air and iron particles of a defined size range and wavelength area.
The computed phase matrices and single scattering albedos are averaged with the
inverse gamma distribution over each wavelength, and utilized again in SIRIS3 to
compute the phase matrices and single scattering albedos for the modeled meteorite
piece at a certain wavelength area. Assuming independent scattering and a defined
size distribution the transformation matrix for a unit volume can be obtained from
(Hansen and Travis, 1974):
F ij(α) =
∫ r2
r1
F ij(α, r)n(r)dr, (2.12)
where r1 and r2 are the smallest and the largest particle radii in the size distribution,
n(r)dr is the number of particles per unit volume with a radius between r and r+dr,
and F ij(α, r) is one of the elements of the transformation matrix for a particle with
a radius of r. The scattering and extinction coefficients are given by
ksca =
∫ r2
r1
σscan(r)dr =
∫ r2
r1
pir2Qscan(r)dr,
kext =
∫ r2
r1
σextn(r)dr =
∫ r2
r1
pir2Qextn(r)dr, (2.13)
where Qsca and Qext are scattering and extinction efficiency factors. Finally, the
normalized dimensionless phase matrix is
P ij(α) = 4pi
k2ksca
F ij(α), (2.14)
and the single scattering albedo is
ω˜ = ksca
kext
. (2.15)
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2.2 Gaussian-random-sphere particles
SIRIS3 simulates light scattering by Gaussian-random-sphere particles that are
larger than the wavelength of the incident light. The Gaussian random particle
is an infinite ensemble of sample particles that is obtained from the probability den-
sity function for the Gaussian random sphere. Gaussian sphere r = r(θ, φ)er, which
is described by spherical coordinates (θ, φ) determined by the spherical-harmonic
series for the logarithmic radial distance s = s(θ, φ), is (Muinonen et al., 2009):
r(θ, φ)er =
aexp[s(θ, φ)]√
1 + σ2
er,
s(θ, φ) =
∞∑
l=0
l∑
m=−l
slmYlm(θ, φ),
sl,−m = (−1)ms∗lm, (2.16)
where σ is the relative standard deviation and a is the mean standard deviation for
the radial distance, slms are the Gaussian random variables with zero means, and
Ylms are the orthonormal spherical harmonics.
Parameters describing the Gaussian random sphere are a and Cl, which is
(Muinonen et al., 2009):
∞∑
l=0
Cl = loge(1 + σ2), (2.17)
where Cl ≥ 0(l = 0, ...,∞). By choosing the power-law covariance function, Cl can
be further parameterized:
C0 = C1 = 0, (2.18)
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C1 =
C˜
lv
, l = 2, 3, ..., lmax, (2.19)
C˜
lmax∑
l=2
1
lν
= loge(1 + σ2)⇒ C˜ = loge(1 + σ2)
lmax∑
l=2
1
lν
−1 , (2.20)
where C˜ is a normalization constant, and the standard deviation σ and the power
law index ν are statistical shape parameters. The example shapes for the modeled
air particles, iron particles, and meteorite piece can be found in section 3.1.
3. Numerical methods
3.1 Spectral modeling
The purpose of the modeling was to understand how shock-induced iron changes
the spectra of meteorites. The reflectance spectra of three Chelyabinsk meteorite
pieces with different degrees of shock were measured, and the SIRIS3 code was
utilized to model the changes in the spectra. Olivine was chosen to represent a
medium which contains air and iron, because it is the most abundant mineral in
the Chelyabinsk meteorite and thus determines the shape of the spectrum along
with iron and pyroxene. First, the scattering matrices and albedos for air and iron
particles in olivine were computed with a wavelength range of 400 to 2500 nm and a
radius of 2 to 40 µm. In these calculations, there were no diffuse scatterers. Tables
3.1 and 3.2 show the values of the modeled complex refractive indexes for olivine
and iron 1, and are plotted in Figure 3.2. In order to model meteorite spectra, the
resulting matrices and albedos for each wavelength were averaged using the inverse
gamma distribution with the shape parameter α = 3 and the scale parameter β = 30
(see Figure 3.1).
The averaged albedos and scattering matrices were then utilized in SIRIS3 so that
1The complex refractive indexes of olivine are based on a San Carlos Olivine -sample (Zeidler
et al., 2011) in the University of Jena’s Database of Optical Constants for Cosmic Dust (http:
//www.astro.uni-jena.de/Laboratory/OCDB/). The complex refractive indices for iron have
been obtained from the complementary material of Cahill et al. (2012).
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Figure 3.1: The probability density function of inverse gamma distribution with α = 3 and
β = 30.
these scatterers acted as diffuse scatterers inside olivine. The diffuse scatterers were
uniformly distributed inside the olivine piece, which represents a meteorite piece
with a radius of 5 mm. Gaussian-random-sphere particles for both air and iron par-
ticles are shown in Figure 3.3. , and for the meteorite piece in Figure 3.4. Finally,
the calculated geometric albedos were used to model three different spectra: the first
contained 10% air particles of its volume, the second contained 10% iron particles
of its volume, and the third contained 5% air particles and 5% iron particles of its
volume. The resulting spectra were then fitted to the actual measured reflectance
spectra of the Chelyabinsk meteorite.
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Table 3.1: Real and imaginary parts of the refractive indexes of olivine at different wavelengths.
Wavelength (µm) Real Imag
0.4 1.63037 0.0000303435
0.5 1.63016 0.0000234557
0.6 1.62989 0.0000239291
0.7 1.62956 0.0000322581
0.8 1.62916 0.0000691018
0.9 1.62869 0.000112165
1.0 1.62816 0.000196283
1.1 1.62757 0.000241077
1.2 1.62691 0.000201252
1.3 1.62619 0.000170317
1.4 1.62541 0.000117748
1.5 1.62456 0.0000768559
1.6 1.62365 0.0000587368
1.7 1.62267 0.0000540779
1.8 1.62163 0.0000542281
1.9 1.62052 0.0000566607
2.0 1.61935 0.0000592453
2.1 1.61812 0.0000618299
2.2 1.61682 0.0000644144
2.3 1.61546 0.000066999
2.4 1.61404 0.0000695835
2.5 1.61255 0.0000721681
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Table 3.2: Real and imaginary parts of the refractive indexes of iron at different wavelengths.
Wavelength (µm) Real Imag
0.4 2.04623 3.00438
0.5 2.78301 3.32658
0.6 3.22292 3.3494
0.7 3.42823 3.39901
0.8 3.54548 3.55353
0.9 3.65758 3.72098
1.0 3.75351 3.86911
1.1 3.84944 4.08063
1.2 3.94537 4.29216
1.3 4.0413 4.50368
1.4 4.13723 4.71521
1.5 4.23316 4.92674
1.6 4.32909 5.13826
1.7 4.42502 5.34979
1.8 4.52095 5.56131
1.9 4.61688 5.77284
2.0 4.71281 5.98437
2.1 4.80874 6.19589
2.2 4.90467 6.40742
2.3 5.0006 6.61895
2.4 5.09653 6.83047
2.5 5.19246 7.042
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Figure 3.2: The real part of refractive indexes for olivine and iron.
3.2 Principal Component Analysis
3.2.1 Overview
Principal component analysis (PCA) is used to analyse the reflectance spectra of 30
meteorite samples. PCA is a statistical tool for analysing large data sets. It can be
used to identify patterns in multidimensional data and thus classify spectra. PCA
removes the correlations between different variables of the data set and transforms
the data to a new coordinate system by using an orthogonal transformation so that
the new coordinates have the largest variances. By leaving out the coordinates which
have the smallest variances, the number of dimensions can be reduced. The new
coordinates are called principal components that represent the data set and help to
group observations.
3.2.2 Method description
For the PCA, the data must be in a data matrix where each row represents one
reflectance spectrum measurement of a certain meteorite piece and each column
represents a reflectance value of a specific wavelength. The rows of the data matrix
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Figure 3.3: Example shapes of the modeled air and iron particles.
are called variable vectors.
The data must be mean-centered so that the mean value for each variable
vector is zero. By subtracting an average matrix from the data matrix the mean-
centered data matrix (X) can be acquired:
X = M − µuT (3.1)
where µ is the average vector, u is a vector of ones, and M is the data matrix. The
next step is to calculate a covariance or correlation matrix from the mean-centered
data. Because the spectral data is of the same scale and unit, the covariance matrix
is used. The covariance matrix of X is:
Σ = 1
N − 1XX
T . (3.2)
From the covariance matrix one can get eigenvectors which are the basis for PCA. A
number of eigenvectors are chosen, usually the first two or three that have the largest
eigenvalues, and a V matrix is formed out of these chosen eigenvectors. Finally, the
principal components can be calculated by projecting the V matrix onto the mean-
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Figure 3.4: Example shapes of the modeled meteorite piece.
centered data matrix:
Z = V TX (3.3)
where each row in Z represents a principal component.
The PCA was performed using a Matlab program which was written by the
author. In order to use the program, the user must input the data matrix described
above. The program calculates the principal components according to the descrip-
tion and plots the first two principal components.
4. Experimental methods
4.1 Laboratory equipment
The reflectance spectra were measured with the University of Helsinki integrating-
sphere Vis-SWIR spectrometer which has a quartz tungsten-halogen light source
(Figure 4.1). The light is collimated using a rectangular slit and a circular aperture.
The measurements discussed in this thesis were carried out using either a 2.5 mm slit
and a 2.5 mm aperture or a 5.0 mm slit and a 5.0 mm aperture depending on the size
of the meteorite piece. Before entering the polytetrafluoroethylene (PTFE) coated
integrating sphere, the collimated light goes through a grating mirror monochroma-
tor. The meteorite sample is placed on a Teflon sample holder, which reflects little
light at the measured wavelength range, and positioned in the integrating sphere so
that the incident beam reflects from it. The angle between the incident beam and
the normal vector of the sample holder is 10 degrees. There is a light trap at the
mirror angle so that no specular reflection hits the detector.
The measurements were carried out using a wavelength range of 300 to 2500
nm with 5-nm sampling steps. The wavelength range of 300 to 1100 nm was mea-
sured with a silicon detector and the range of 1100 to 2500 nm was measured with
a PbS detector. For each measurement process, the reflectance spectrum of the
PTFE coated integrating sphere was measured first before measuring the spectrum
of the meteorite sample. These reflectances were compared and corrected with the
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known calibrated values of the PTFE material in order to get the meteorite sample’s
reflectance spectrum which is normalized against an ideal diffuser. All the measure-
ments were carried out in a three-month period.
Figure 4.1: The University of Helsinki Vis-SWIR spectrometer.
4.2 Meteorite samples
4.2.1 Samples for PCA
For the PCA, the reflectance spectra of 30 meteorite samples were measured (see
Table 4.1). The samples were borrowed from the Geological Museum of the Finnish
Museum of Natural History. Each sample was chosen so that it was a fall, collected
after its fall from the space was observed, and a piece of the original meteorite with a
diameter of a few centimeters. The measured surfaces were either polished or unpol-
ished and contained no rust. 23 of the measured meteorite samples were ordinary
chondrites, 4 were HED meteorites, one was an aubrite, one was a carbonaceous
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chondrite, and one was an enstatite.
Table 4.1: The measured meteorite samples.
Meteorite Type Meteorite Type
Abee E4 Kisvarsany L6
Agen H5 Menow H4
Allende CV Nammianthal H5
Ausson L5 Norton County Aubrite
Buschnof L6 Nyirabrany LL5
Cape Girardeau H6 Pacula L6
Castalia H5 Sevrukovo L5
Chitado H6 Sioux County Eucrite
Collescipoli H5 Souslovo L4
Dhurmsala LL6 St. Germain-du-Pinel H6
Durala L6 St. Michel L6
Ergheo L5 Stannern Eucrite
Jilin H5 Ställdalen H5
Johnstown Diogenite Tieschitz H/L3.6
Juvinas Eucrite Vernon County H6
4.2.2 Chelyabinsk meteorite samples
The Chelyabinsk meteorite descended into the Earth’s atmosphere on February 15
in 2013. Soon after the fall, many pieces were found and collected, their mass
exceeding 100 kg. Based on its composition, the meteorite was classified into LL5
chondrites. The found meteorite pieces contain three lithologies: light, impact-melt,
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(a) Agen (b) Cape Girardeau (c) Castalia
(d) Chitado (e) Collescipoli (f) Jilin
(g) Menow (h) Nammianthal (i) St Germain du Pinel
(j) Ställdalen (k) Tieschitz (l) Vernon County
Figure 4.2: Pictures of the measured H chondrites.
and dark; each of them with a different level of shock. The light-colored lithology
is slightly shocked and shows less fracturing. The dark-colored lithology is highly
shocked, contains abundant impact-melt and is more fractured. In both light-colored
and dark-colored lithologies, the inter-granular space is filled with impact-melt veins
containing fine-grained mineral fragments. In the dark-colored lithology the impact-
melt veins fill also the intra-granular fractures and contain metallic melt, such as
iron and iron sulfides. The third lithology, impact-melt, resembles the whole-rock
melt in both light-colored and dark-colored lithologies, and is composed of uniformly
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(a) Ausson (b) Buschnof (c) Dhurmsala
(d) Durala (e) Ergheo (f) Kisvarsany
(g) Nyirabrany (h) Pacula (i) Sevrukovo
(j) St Michel
Figure 4.3: Pictures of the measured L and LL chondrites.
distributed metal and sulfide-rich partial melt. (Kohout et al., 2014)
The reflectance spectra of three Chelyabinsk meteorite pieces were measured,
each of them of a different lithology. The modeling part of this thesis focuses on how
the melted iron in impact-melt and dark-colored lithologies changes the reflectance
spectra compared to the reflectance spectrum of the light-colored lithology.
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(a) Abee (b) Allende (c) Johnstown
(d) Juvinas (e) Norton County (f) Sioux County
(g) Stannern
Figure 4.4: Pictures of the measured enstatite chondrite, aubrite, carbonaceous chondrite, and
HEDs.
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Figure 4.5: Chelyabinsk meteorite piece with an impact melt vein on a teflon sample holder.
5. Results and Discussion
5.1 Spectral measurements
In order to see whether the measured meteorite reflectance spectra were realistic,
they were compared with earlier measurements performed by Gaffey (2011), Paton
et al. (2011), and Pentikäinen et al. (2014).
H, L, and LL chondrites have similar spectral features: a broad maximum in
the spectrum at 0.7 µm, and an absorption feature near 0.9 µm. The reflectivity
rises toward 1.5 µm, and a broad absorption band is centered at 1.9 µm. These
characteristic spectral features are caused by olivine and pyroxene, the most abun-
dant minerals in ordinary chondrites. There is also a small bump in the spectrum
at about 1.3 µm caused by feldspar.
HED (howardite, eucrite, diogenite) meteorites, originating from (4) Vesta, do
not contain olivine, so their spectra are dominated by pyroxene. The spectrum rises
deeply in the blue, has a deep absorption band centered at 0.9 µm, a maximum in
reflectance at about 1.5 µm, and a broad absorption feature centered at 2.0 µm.
Eucrites also contain feldspar, causing a small bump at 1.3 µm, which is absent or
weak in the reflectance spectra of howardites and diogenites.
The spectrum of the Norton County meteorite is typical for an aubrite. The
reflectance is reddened in the visible region and decreases slightly toward longer
wavelengths.
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Figure 5.1: The measured reflectance spectra of H chondrites.
Figure 5.2: The measured reflectance spectra of L chondrites.
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Figure 5.3: The measured reflectance spectra of LL chondrites.
Enstatite chondrites consist of pure enstatite and metal. Their spectrum is
typically featureless with a red slope in the visible and a slowly increasing reflectance
in the infrared. The spectrum of Abee shows decreasing in the reflectance before it
increases slightly. The reflectance spectra of Allende is typical for a carbonaceous
chondrite: it has a reddened curve in the visible and a slightly increasing infrared
reflectance. The overall albedo of the reflectance spectra for both Abee and Allende
is low. The spectral shape of Allende measured by Pentikäinen et al. (2014) is
different from the other Allende measurements. As stated by Pentikäinen et al.
(2014), this is probably due to the measurement background being black and the
meteorite sample being small and dark, causing the low reflectance of the background
to alter the meteorite spectrum.
All measured reflectance spectra have a false trough near 0.35 micrometers,
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Figure 5.4: The measured reflectance spectra of HED meteorites.
which is caused by the spectrometer.
5.2 PCA
PCA of the measured reflectance spectra was computed with a Matlab program
written by the author of this thesis. Figure 5.7 shows the first two principal com-
ponents for different measured meteorite types. The previous studies carried out
by Paton et al. (2011) and Pentikäinen et al. (2014) suggest that HED meteorites
can be separated from chondrites, and that ordinary chondrites can be grouped to-
gether. Both studies represented the spectra with the first two principal components
showing the distinction between HED meteorites and ordinary chondrites.
The results of the PCA computed for this thesis indicate that ordirary chon-
drites can be grouped together and that HED meteorites can be separated from
chondrites. However, only four HED meteorites were measured so in order to better
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Figure 5.5: The measured reflectance spectrum of an aubrite.
verify these results, more spectral measurements of the HEDs are needed.
The measured reflectance spectra were supplemented with spectra measured by
Pentikäinen et al. (2014). The latter measurements were performed with the Finnish
Geodetic Institute’s field goniospectrometer (FIGIFIGO). The wavelength range of
the FIGIFIGO spectral measurements was from 350 to 2500 nm with 5-nm sampling
steps. Figure 5.8 shows the PCA of the measurements carried out by Pentikäinen et
al. (2014), and Figure 5.9 shows the combined PCA of the measurements performed
with the University of Helsinki spectrometer and the measurements carried out by
Pentikäinen et al. (2014). Meteorite samples used in Pentikäinen et al. (2014)
are listed in Table 5.1. All the meteorite samples measured by Pentikäinen et al.
(2014) were the same samples that were measured with the University of Helsinki
spectrometer. PCA of the two data sets shows how well the data sets match. As
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Figure 5.6: The measured reflectance spectra of a carbonaceous chondrite (Allende) and an
enstatite chondrite (Abee).
seen in Figure 5.9, the data sets slightly differ from each other. The differences are
most likely caused by different measuring equipment and environment, and the lack
of normalization between the data sets. However, the data sets complement each
other quite well.
Finally, measurements from the National Aeronautics and Space Administra-
tion (NASA) Planetary Data System (PDS) meteorite spectra database (Gaffey,
2001) were added to the two data sets. The database contains the reflectance spec-
tra of 108 meteorite samples. The wavelength range of the spectra is from 350 to
2520 nm and the sampling step is 5 nm. The spectral measurements of the 14 me-
teorite samples were chosen to be added to our measurements in order to better
compare our samples. The chosen meteorite samples were all whole rock samples,
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Figure 5.7: PCA of the measured meteorite spectra.
Table 5.1: Meteorite samples measured by Pentikäinen et al. (2014).
Meteorite Type Meteorite Type
Abee E4 Menow H4
Allende CV Nyirabrany LL5
Buschnof L6 Sevrukovo L5
Chitado H6 Souslovo L4
Collescipoli H5 St. Germain du Pinel H6
Dhurmsala LL6 St. Michel L6
Ergheo L5 Stannern Eucrite
Jilin H5 Vernon county H6
Johnstown Diogenite
Juvinas Eucrite
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Figure 5.8: PCA of the meteorite spectra measured by Pentikäinen et al. (2014).
not small particles, and they did not contain any rust. Figure 5.10 shows the PCA
of the chosen samples and Figure 5.11 shows the combined PCA of all three data
sets. Table 5.2 lists the chosen samples from the database.
Table 5.2: Meteorite samples measured by Gaffey (2001).
Meteorite Type Meteorite Type
Aumale L6 Paragould LL5
Bald Mountain L4 Rose City H5
Buschnof L6 Soko-Banja LL4
Cynthiana L4 St. Michel L6
Johnstown Diogenite Stannern Eucrite
Knyahina L5 Tatahouine Diogenite
Murchison CM2 Warrenton CO3
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Figure 5.9: PCA of the meteorite spectra combined with measurements carried out by Pentikäi-
nen et al. (2014).
The PCA of the three data sets raises questions: would the distinction of
chondrites and HED meteorites last with more HED measurements? How much do
terrestrial weathering and the degree of shock affect the PCA results? In order to be
able to answer these questions, more spectral measurements, especially of the HED
meteorites, are needed.
5.3 Spectral modeling
Figure 5.12 shows the results of the spectral measurements of the three lithologies
of the Chelyabinsk meteorite carried out with the University of Helsinki Vis-SWIR
spectrometer. The light-colored lithology has the highest reflectance and shows
broad absorption bands of olivine and pyroxene near 1.0 and 2.0 µm. The dark-
colored lithology has a flat spectrum with diminished intensity. These changes in
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Figure 5.10: PCA of the meteorite spectra measured by Gaffey (2001).
the spectrum are caused by iron. The third lithology, impact-melt, is somewhere
between the light and dark lithologies in terms of its spectrum. In the impact-melt
lithology, iron is less concentrated than in the dark-colored lithology so the spectrum
is not as flat and diminished, but on the other hand, iron is more concentrated in the
impact-melt lithology than in the light-colored lithology making the spectrum more
featureless and diminished compared to the spectum of the light-colored lithology.
These results were published by Kohout et al. (2014). The spectral measurements
were carried out by Antti Penttilä and the author of this thesis.
In order to simulate the effect of iron in the spectral measurements, the SIRIS3
light-scattering program was run for the wavelength range of 400 to 2500 nm with
100 nm steps. Each run lasted around 3 hours and they were run in parallel. The
number of rays used for one run was 3000000 and the number of sample particles
for a single run was 1000. The details of the simulation can be found in section 3.1.
The calculated P11-scattering matrix element values and the polarization values
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Figure 5.11: PCA of the meteorite spectra combined with measurements carried out by Pen-
tikäinen et al. (2014) and Gaffey (2001).
(−P21/P11) at different wavelengths as a function of the scattering angle for the
modeled meteorite pieces are shown in Figures 5.13, 5.14, 5.15, 5.16, 5.17, and 5.18.
For each modeled meteorite piece, the P11 values change moderately at different
wavelengths altering the shapes of the P11 curves a little. The polarization curves
have similar shapes, and the polarization values at different wavelengths differ most
between 30 and 160 degrees.
Figure 5.19 shows the resulting modeled spectra. The blue line represents
a modeled spectrum of the Chelyabinsk meteorite, its volume containing 10% air
particles. In this case, the spectral features are that of an olivine. The red line
represents the modeled spectrum of the Chelyabinsk meteorite its volume containing
10% iron particles. Iron particles clearly decrease the reflectivity and flatten the
spectrum. The purple line represents the modeled spectrum of the Chelyabinsk
meteorite its volume containing 5% air particles and 5% iron particles. The spectrum
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Figure 5.12: The reflectance spectra measurements of the Chelyabinsk meteorite’s three litholo-
gies.
is between the spectrum with 10% air particles and the spectrum with 10% iron
particles. Iron particles decrease the reflectivity and flatten the spectra, but the
effect is not as strong as with the spectrum that contains 10% iron particles. The
modeled spectra show similar behavior as the actual measured reflectance spectra of
the Chelyabinsk meteorite: the higher the iron occurrence is the lower the reflectivity
is and the more featureless the spectral features are.
The measured and the modeled spectra are plotted in Figure 5.20. In order
to better compare the spectral shapes, each spectrum has been scaled to unity at
0.6 µm. The measured and the modeled spectra of the dark-colored lithology have
similar increasing slopes toward longer wavelengths, but the shapes differ at shorter
wavelengths where the modeled spectrum has a small absorption band unlike the
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Figure 5.13: P11 as a function of the scattering angle at different wavelengths for the modeled
light-colored lithology.
Figure 5.14: P11 as a function of the scattering angle at different wavelengths for the modeled
dark-colored lithology.
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Figure 5.15: P11 as a function of the scattering angle at different wavelengths for the modeled
impact-melt lithology.
Figure 5.16: Polarization as a function of the scattering angle at different wavelengths for the
modeled light-colored lithology.
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Figure 5.17: Polarization as a function of the scattering angle at different wavelengths for the
modeled dark-colored lithology.
Figure 5.18: Polarization as a function of the scattering angle at different wavelengths for the
modeled impact-melt lithology.
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Figure 5.19: The modeled spectra of the Chelyabinsk meteorite’s three lithologies.
measured spectrum. This is most likely due to the differences in the iron occur-
rence, which may be higher in the measured spectrum making the absorption band
disappear. However, the modeled spectra of the light-colored and the impact-melt
lithologies show more differences compared to the measured spectra. The modeled
spectra of the light-colored and impact-melt lithologies have absorption bands near
1.0 µm just like the measured spectra, but the reflectivity of the modeled spectra
increases toward longer wavelengths whereas the reflectivity of the measured spectra
decreases after a reflectance peak near 1.5 µm. These differences can be caused by
pyroxene, which affects the measured spectra of the Chelyabinsk meteorite but is
not taken into account in the simulations.
Johnstown is a HED meteorite that mostly consists of pyroxene. To obtain
a better understanding of how pyroxene would change the shapes of the modeled
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spectra of the impact-melt and light-colored lithologies, the measured spectrum of
Johnstown was added to the modeled spectra. Figures 5.21 and 5.22 show that the
shapes of the modeled spectra with added pyroxene are quite similar to the measured
spectral shapes: in both lithologies, the measured and the modeled spectra have two
absorption bands and two reflectance peaks. However, the reflectance of the modeled
spectra increases toward longer wavelengths, which does not occur in the measured
spectra. Further simulations that also include pyroxene are needed to match the
spectra.
Figure 5.20: The measured and the modeled spectra of the Chelyabinsk meteorite. The dashed
lines are the modeled spectra, and the solid lines are the measured spectra. Red lines represent the
dark-colored lithology, blue lines represent the light-colored lithology, and purple lines represent
the impact-melt lithology.
In general, both the measured and the modeled spectra exhibit similar be-
5.3 Spectral modeling 49
Figure 5.21: The measured and the modeled spectra of the light-colored lithology. The spectrum
of Johnstown meteorite was added to the modeled spectrum to model the effects of pyroxene.
havior: when the occurrence of iron increases, the absorption bands become more
indistinguishable and the reflectance decreases. The differences between the mea-
sured and the modeled spectral shapes of the light-colored and the impact-melt
lithologies are due to the absence of pyroxene in the simulations, whereas the mea-
sured and the modeled spectral shapes of the dark-colored lithology are different
because the occurrence of iron in the measured spectrum is probably higher.
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Figure 5.22: The measured and the modeled spectra of the impact-melt lithology. The spectrum
of Johnstown meteorite was added to the modeled spectrum to model the effects of pyroxene.
6. Conclusions
This study was carried out in multiple parts. The reflectance spectra of 30 meteorite
pieces were measured with the University of Helsinki spectrometer. All meteorite
samples were "falls" and a few centimeters in size. The measured areas of the samples
were free of rust. The measured reflectance spectra were compared with earlier spec-
tral measurements carried out by Pentikäinen et al. (2014), Paton et al. (2011), and
Gaffey (2001). The spectral shapes of the samples were similar between the three
data sets with the exception of the spectral shape of Allende measured by Pentikäi-
nen et al. (2014). It differed significantly from the other spectral measurements.
The difference was probably caused by the measurement environment of FIGIFIGO.
In order to see how well the meteorite spectra could be classified by meteorite
type, a principal component analysis program was written by the author. The
PCA was first performed on the reflectance spectra measured with the University
of Helsinki spectrometer. Then, the analysis was performed on the measurements
carried out by Pentikäinen et al. (2014) and both data sets were plotted in the same
figure. Finally, the analysis was completed with the measurements carried out by
Gaffey (2001). The data sets were not normalized together, but the samples were
chosen so that they were all whole rock samples, not small particles, and relatively
rust-free. The compability between the data sets is good, because the PCA results
of the meteorite samples common in different data sets do not differ much from each
other.
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The PCA of the three data sets separates HED meteorites from chondrites.
However, only a few HED meteorites were measured. Would the separation between
the HED meteorites and chondrites last with more HED measurements? Also, the
meteorite samples for the PCA were not studied for shock-darkening. It has been
shown that shocks can alter the reflectance of a meteorite. Kohout et al. (2014)
noticed that the shock-darkened parts of the Chelyabinsk meteorite have spectra
with decreased reflectance and less absorption features compared to the spectra of
the unshocked parts. This finding needed to be further investigated, and it became
the main focus of this thesis.
The reflectance spectra of three Chelyabinsk meteorite pieces were measured,
each of them with a different degree of shock. The spectral shapes of the samples
seemed to flatten and darken according to the occurrence of iron they had. To better
understand the effect of iron on the spectra, we modeled the spectra with SIRIS3
light-scattering program.
The reflectance spectra of the Chelyabinsk meteorite are dominated by olivine,
pyroxene, and iron. For the models, we calculated the scattering matrices and albe-
dos of an olivine piece that contained different amounts of air and iron particles.
Inverse gamma distribution was used to account for the size distribution of the par-
ticles. The modeled spectrum of an olivine piece with 10% air particles had the
highest reflectance of the modeled spectra and its spectral features are that of an
olivine. The modeled spectrum with 10% iron particles had the lowest reflectance
and the shape of the spectrum was flat. The third spectrum with 5% air parti-
cles and 5% iron particles was between the other two spectra: the reflectivity was
slightly decreased and the spectral featured were slightly flattened. The results of
the modeling show that the higher the iron occurrence is the more dark and flat
the spectra are. This conclusion agrees with the spectral measurements. However,
there were differences between the shapes of the measured spectra and the shapes
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of the modeled spectra of the light-colored and impact-melt lithologies, especially at
longer wavelengths. These differences were caused by pyroxene, which has an effect
in the measured spectra but is absent in the simulations. For the future studies, it
would be interesting to also include pyroxene in the simulations to see how well the
measured and the modeled spectra can match.
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